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Table 1 Percentage of intercalated cells in cortical collecting dua 
showing apical, basolateral or diffuse staining for H^-ATPase 



Staining pattern 



Animal 


Antibody 


Apical 


Basolateral 


Diffuse 


I (86) 


701C 


31 


9 


60 


2 (151) 


70K 


40 


12 


48 


3 (77) 


70 K 


44 


38 


18 


4(131) 


56K 


42 


13 


45 


5 (127) 


561C 


39 


7 


54 


6 (89) 


56K: 


30 


52 


18 


7 (150) 


31K 


49 


15 


36 


8 (63) 


31K 


35 


54 


11 


9(78) 


31K. 


50 


6 


44 



Numbers in parentheses indicate the number of cells counted to derive 
each percentage. Cells were counted on sections immunostained by the 
ABC-peroxidase procedure (Vector, Burlinghame, California). 



42% (n =3,927); inner medulla (initial part), 13% (n = 1,965). 
These figures are consistent with previous estimations of the 
prevalence of intercalated cells in each collecting-duct segment; 
the values were similar with all three antibodies. In addition, 
we quantified the percentage of intercalated cells with the three 
distinct labelling patterns in cortical collecting ducts from 
different animals (Table 1). The proportion of cells with baso- 
lateral and diffuse staining appeared to be inversely related, and 
varied considerably among animals, whereas the percentage of 
cells with marked apical staining was less variable. These 
findings suggest that redistribution of proton pumps from a 
diffuse to a basolateral location may occur, whereas the popula- 
tion of cells with apical pumps is more stable. They do not 
exclude, however, a relocation of proton pumps from basolateral 
to apical plasma membranes, or vice versa. 

Our results provide the first direct evidence in support of 
models of bicarbonate secretion by the cortical collecting tubule, 
in which proton pumps located basolaterally are believed to 
generate intracellular bicarbonate that exits at the apical plasma 
membrane^'^*^^. The heavy apical staining of all intercalated 
cells in the inner stripe of the outer medulla is consistent with 
physiological data showing that this segment has the highest 
rate of transepithelial proton secretion in the kidney^^. 

What are the mechanisms that enable the cortical intercalated 
cells to direct proton pumps to either the apical or basolateral 
plasma membrane, or to intracellular vesicular compartments? 
One possibility is that proton pumps destined for the different 
membrane domains have alternative structures that provide 
targetting information. Our studies demonstrate that apical and 
basolateral pumps are immunologically similar, but more 
investigation will be necessary to determine whether subtle 
structural differences are present among pumps in different 
membrane compartments. Indeed, preliminary evidence does 
suggest that both the 561C (ref. 9) and 31 K subunits may have 
isoforms (S.H. et al, unpublished data). Alternatively, factors 
other than enzyme structure may determine cellular destination. 
It has been suggested^**-^* that the internal pH of transport 
vesicles can determine their polarity of fusion, hmf both apical 
and basolaterally directed vesicles appear to be highly acidic in 
intercalated cells^. The microtubular system could also be invol- 
ved in sorting processes. A viral haemagglutinin is mis-directed 
after colchicine treatment of MDCK cells", and microtubuk 
disruption prevents the rapid, C02-induced insertion of H*^- 
ATPase into the apical membrane of proton-secreting cells*^ *'; 
whether microtubules can regulate the polarity of proton pump 
insertion remains to be investigated. In conclusion, our data 
provide a unique example of adjacent epithelial cells with oppos- 
ing polarities with respect to a major transporting enzyme. These 
cells represent an intriguing system in which factors that are 
involved in the specific targetting and insertion of membrane 
proteins can be examined. 
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Antigen-specific cell contacts in the immune system are 
strengthened by antigen-nonspecific interactions, mediated in part 
by lymphocyte-function associated (LFA) antigens*'^. The LFA-1 
antigen is widely expressed on cells of haematopoietic origin and 
is a major receptor of T cells, B cells and granulocytes^. LFA-1 
mediates the leukocyte adhesion reactions underlying cytolytic 
conjugate formation, helper T-cell interactions, and antibody- 
dependent killing by natural killer cells and granulocytes. 
Recently, ICAM-1 (Intercellular adhesion molecule-1) has been 
defined as a ligand for LFA-1*^. Monoclonal antibodies to ICAM- 
1 block T lymphocyte adhesion to fibroblasts and endothelial cells 
and disrupt the interaction between cytotoxic T cells and target 
cells. In addition, purified ICAM-l reconstituted into artificial 
membranes binds LFA-l* cells*. ICAM-l is found on leukocytes, 
fibroblasts, epithelial cells and endothelial cells and its expression 
is regulated by inflammatory cytokines. LFA- 1 has been placed 
in the integrin family of cell surface receptors by virtue of the 
high sequence similarity between the LFA- 1 and integrin p 
chains^^. The adhesion ligands of the integrin family are gly- 
coproteins bearing the Arg-Gly-Asp (ROD) sequence motif, for 
example, fibronectin, fibrinogen, vitronectin and von Willebrand 
factor'. Here we show that a complementary DNA clone ICAM-l 
contains no ROD motifs, but instead is homologous to the neural 
cell adhesion molecule NCAM'° 

A cDNA library was constructed using RNA prepared from 
HL-60 cells induced with l2-0-tetradecanoyl phorbol l3-acetate 
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Fig. 1 Immunoprecipitation of lCAM-1 from M-surface- 
labelled cells, using mAb 84H10. a, Mock-transfected (lane I) and 
pICAM-l-transfected (lane 2) COS cells. Uninduced (lane 3), and 
TPA-stimulated (lane 4) HL-60 cells, fa. Regulation of ICAM-1 
synthesis in HL-60 cells by cytokines. Une 1, r-lFN-induced, 
without antibody; lane 2, -y-IFN-induced, with antibody; lane 3, 
TNF-induced, without antibody; lane 4, TNF induced, with anti- 
body lane 5, induced, without antibody; lane 6, 
induced, with antibody. COS cells were transfected with plCAM-1 
as previously described'^ HL-60 cells were maintained at 5x 
10* ml-' and test reagents added for 48 h at the following con- 
centrations; 50 ng mP ' TPA, 100 U mP^ y-IFN, 200 U ml" TNF 
and lOUmP' IL-1^. 
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Fig. 2 Expression and structure of lCAM-1 gene, a, RNA blot 
hybridization. Total RNA (20 ^^g) was denatured in formaldehyde, 
elearophoresed, transferred to nylon membranes and hybridized 
with ICAM-1 cDNA. Une 1, uninduced HL-60; lane 2, TPA- 
induced HL-60; lane 3, y-IFN-induced HL-60; lane 4, IL-1^- 
induced HL-60; lane 5, TNF-induced HL-60; lane 6, JY (lympho- 
blastoid cell line); lane 7, Raji (Burkitt's lymphoma); lane 8, Peer 
(T cell leukaemia); lane 9, T blasts; lane 10, LAK cells. The l.9kb 
species is partially occluded by the ISSrRNA. Stimulation of 
HL-60 cells was the same as in Fig. 1. T-cell blasts were obtained 
by culture of peripheral blood lymphocytes with phytohaemag- 
glutinin for 48 h. fa. Genomic DNA blot hybridization. Human 
placenta genomic DNA (20 /^g) was digested with restnction 
enzymes, electrophoresed, transferred to nylon membranes and 
hybridized with ICAM cDNA. Une 1, EcoRl; lane 2, BamHI; 
lane 3, Hindlll; lane 4, Dra\. 




Fig. 3 Functional analysis of plCAM-l. COS cells transfec- 
ted with control vector 7rH3M or pICAM-1 cDNA and HL-60 cell 
adhesion assays performed 48 h later, a, COS cells transfected with 
vector only; b-K COS cells transfected with pICAM-1 and treated 
as indicated. 6, no antibodies present; c, anti-lCAM antibody on 
COS cells; d, control anti-HLA antibody on COS cells; c, anti- 
ICAM antibody on HL-60 cells; / anti-HLA antibody on HL-60 
cells- R anti-LFA-1 antibodies on HL-60 cells; K anti-LFA-lanti- 
bodi;s on COS cells. COS cells or HL-60 cells we« Preincubate^^ 
with the stated antibodies al 1 A^g mP^ for I h at 4 °C in PBS/ 5 /o 
fetal bovine serum. In c, the anti-ICAM-1 antibody (84H10) was 
washed off the COS cells to prevent the excess from binding the 
HL-60 cells. In all other cases the antibodies were left in contact 
with the cells to prevent leaching. The HL-60 cells were allowed 
to adhere to the COS cells for 30 min at 37 X in medium containing 
10 mM Mg'", washed 3 times and photographed. 



(TPA). The library was transfected into COS cells and cells 
expressing surface antigens were recovered by panning with the 
anti-ICAM monoclonal antibodies (mABs) 8F5 and 84H10 
(ref. 12). Episomal DNA was recovered from the panned cells 
and the expression-panning cycle'^'^* repeated twice to obtain 
a cDNA clone designated pICAM-L 

COS cells transfected with pICAM-1 gave positive surface 
immunofluorescence reactions with three anti-lCAM-1 anti- 
bodies; 8F5 and 84H10 (data not shown), and RR-1 (N. Hogg, 
personal communication). Immunoprecipitation of plCAM-1 
transfected COS cells with 84H10 antibody gave a band of 
relative molecular mass (M,) 100,000 (lOOK, Fig. D- A slightly 
larger protein (1 lOK) was precipitated from HL-60 cells induced 
f r 48 h with either TPA, y-interferon ( y-lFN), tumour necrosis 



factor (TNF), or interleukin-l^ (IL-l^), but was absent from 
uninduced cells (Fig. 1). The smaller molecular mass of lCAM-1 
expressed in COS cells is consistent with the reduced molecular 
masses observed for other surface antigens expressed m COS 
cells'^**^ 

RNA blot analysis (Fig. 2a) showed two species of 3.2 
kilobases (kb) and 1.9 kb present in HL-60 cells stimulated with 
either TPA y-IFN, TNF or IL-1^, but absent in uninduced 
cells The l'9-kb band is occluded by the 18S ribosomal RNA 
but is present as a distinct species in poly(Ar RNA (data not 
shown). Thus, the expression of ICAM-l is regu Ut^^^^^ 
number of inflammatory cytokines, ^PP^^!"^*^ ^Vi v .^Rl^n 
lion level. Similar species were present m B cells (JY and Raji), 
and T cells (Peer and T blasts). A slightly smaller transcript was 



-liTTERSTONATURE- 



Ml CAACTKCACCCCTCCCCTCTTCaACCCACTGCCCAAtUACCTTACCCTACaTVlCAMTCWCCGTM^^^ 
StiL.ST.Proi:.uProS,rTrpClnProV.IGI,L,.A.nL,^ 

481 CTCAAACCCCACCCACCTCTCGCCMCCCCCCTGACCTCACGACCACCCTCCTCCTGACCACACATCACCATCWC« 

[.Xy.Ar9CluProAUV.IQI,CI«ProAUGI«V.lThrThrThrV.IL«iV.rAr9Ar9A.pMUHi,ClyAUA^ 

„X CTCGACCTCrrT«CAACACCTC«XCCCCTACCACCTCCACACCTTTCTCCTCCCACCCACTCCCCCACAACTTCTCACCCCC« 
LluCtuL*uPh«C)«A«nrhrS.rA1.Pr<»TyrCInL««ClnThrPh.V.IL.«ProAI.ThrProProClnL.«^^ 

CMO ^ ' 

721 TCmCCTCCACCCCCTGTTCCCACTCTCCGACCCCCACGTCCACCTCGCACTCCCCGACaWWnCAACCCCACACTCK 

Cy .S«rL««A.pC t jL.uPh.ProV. I S«rG) uA I .C I nV. I H i .L»uA I .C.«C I , A.pCl nAroL«uA.flPr«ThrV. mr T, rC 

841 AGTCTCACCCCACAGCACCAGWXACCCACCCCCTGACCTCTCCACTAATACTCCGCAACCACAGCCAGCACACAC^ 

S«rV.nhrAI.GI«A,pCluCI,ThrOlnArBL.uThrCy.AI.V.III«L«gCI,A«flClr.S.rGlnGluThrL««CUThrV.IThrIUT,rS«rPhrfroAUP 

— CKO 

set CTGACGAACCCACACCTCTCACAACCWACCGAGCTGACAGTGAACTCTGAGGCCCACCCTACACCCAACGTGACGCTGAATGCCC^ 
i:luThrty.ProGluV.IS.rGluCljThrG)uV.IThrV,ILy.C,.CI«Al.Hi.ProArsAt.L,.V.IThrL«^^^ 

leSl CTGCTGAAGGCCACCCCAGAGCACAACCCCCGCAGCnCTCCTCCTCTCCAACCCTGCACCTCCCCGGCCAGCTTATACACMCA^^ 

L.uL««L,.AI.ThrProCluA.pA.flClyAr9S«rPh*S«rC,.S.rAI.Thrt..wCluV.IAI.GlyClnL.uII«H.,LMA"GI^^^ 



IMl CGACTGCACGACACCCAnGTCCaXUAACTCCACCTGCCCACAAAArrCCCACCACACTCCAATCTCCCAGGCnGGCCCA^ 

ArBU««A.pCIuArgA.pCy.Pr<^lyA,nrrpThrTrpPrQGIuA,«S.rGlnGlnThrProttotCy.CtnAI.TrpGI,A,nProL«uProGI«L.uLy^ 

1321 mCCACTCCCCATCGCCCAATCACTGACTCTCACTCCACATCTTGACCCCACCTACCTCTGTCCCGCCACCACCACTCWCCGa 

Ph,ProL.uProIUCIyGluS«rV.tThrV.IThrAr9A*pL.uG(uGlyThrTyrL.«C,.ArgAI-ArgS*rThrClnGI,GtuV«IThrArgCtuV.IThr^^ 

1441 CCCCCCTATCAGATTCTCATCATCACTCTCCTAG«CCCCCACTCATAATGCaACTCCACCCCTCACCACCTACCTCTATMCCGC«^^ 

ProArgTyrCI«II«V.ai»IUThrV.rV«IAi.AI.AUV.ai.U«tCI,ThrAI,CtyL.uS.rThrTypt«uTyrA.nAraClnArgLy.I1.Ly»LytT^ 

IMl GCCCAAAAACGCACCCCCATCAAACCCAACACACAAGCCACCCCTCCCTCAACCTATCCCGGCACACGCCCTCTTCCTCGGCCTTCCCATATTCCTGCCAGTGGTGCCACACTGAACACA 

A I *G I nLy aC I y ThrProW«tLy sProAsnThrG I nA I aThrProPrtt 
1681 GTCCAACACATATCCCATGCACCTACACCTACCGGCCCTCCCACGCcScCACAoVJCATTGTCCTCAGTCACATACAACACCATTTCCCCCCATGGTACCTCCACACCTAAA^ 
1801 GGCCACGCATCTGATCTCTACTCACATCACTAAGCCAAGACCAAGC 
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Fig. 4 Sequence of ICAM-1 and 
homology with NCAM-1, a. Complete 
nucleotide sequence of ICAM-1 cDNA 
insert and predicted protein sequence. 
Nucleotide numbering is at right, amino 
acid numbering in parentheses at left. The 
RGE motif at position 152 is underlined, 
the potential jV- linked giycosylation sites 
are indicated by -CHO-, and the trans- 
membrane domain by -TM-. The amino 
acid sequence is numbered from the pro- 
jected cleavage site of the signal peptide. 
Sequencing was by dideoxy-chain termi- 
nation^*', using a combination of sub- 
clones and specific oligonucleotides. 6, 
Homology with NCAM-1. Alignment of 
ICAM-1 with murine NCAM-1 (ref. 11) 
produced by the ALIGN program of the 
Protein Identification Resource (NBRF) 
(ref. 16). Residues beneath the aligned 
sequence indicate identity; asterisks indi- 
cate the residues are closely related, using 
the Dayhoff scoring matrix. Conserved 
cysteine residues are boxed. 



% 



detected in lymphokine-activated killer (LAK) cells. The struc- 
ture of these ICAM-1 transcripts and their relationship to the 
pICAM-1 cDNA remains to be established. Blot hybridization 
of genomic DNA from placenta revealed a pattern consistent 
with a single-copy gene (Fig. 2b). 

To investigate whether pICAM-1 encodes a functional cell 
adhesion molecule, COS cells expressing lCAM-1 were tested 
for their ability to bind HL-60 cells. After 30 minutes at 37 "C 
in the presence of Mg^*", HL-60 cells strongly adhered to the 
ICAM-l-expressing COS cells, but not to mock-transfected cells 
(Fig. 3a, b). The specificity of this adhesion was demonstrated 
by preincubating the ICAM-l-expressing COS cells with 84H10 
antibody. All HL-60 binding was abolished under these condi- 
tions (Fig. 3c). An isotype-matched monoclonal antibody, 
W6/32, which recognizes a monomorphic H LA- ABC related 
determinant of roughly equal abundance to ICAM- 1 on transfec- 
ted COS cells, had no effect on the adhesion (Fig. 3d). Similarly, 
preincubation of the HL-60 cells with either 84H10 or W6/32 
did not inhibit binding (Fig. 3€,f). To determine if LFA-l was 
acting as the receptor for ICAM- 1 in this system, HL-60 cells 
were pretreated with antibodies against the p chain of LFA-l 



(CD18; ref. 12) and subjected to the binding assay. All adhesion 
to ICAM-expressing COS ceils was blocked (Fig. 3g). Pretreat- 
ment of COS cells with the CD18 antibodies had no effect on 
the adhesion ( Fig. 3 ft ) . This provides direct evidence that IC AM- 
1 acts as an adhesion ligand for LFA-l. 

The sequence of the pICAM-1 cDNA insert consists of 1, 846 
nucleotides (Fig. 4a). The predicted peptide sequence of 532 
residues has the typical features of a transmembrane protein, 
including a putative signal sequence, which may be cleaved 
between glycine 25 and asparagine 26 (ref. 15), and a single 
25-residue membrane-spanning domain terminating in a short, 
highly-charged cytoplasmic domain. The extracellular domain 
contains seven potential N-linked giycosylation sites which 
could adequately explain the difference in size between the 
deglycosylated precursor (55K) and the final product (90-1 15K) 
(ref. 5). Differential use of these putative giycosylation sites 
could also explain the heterogeneous molecular mass of ICAM- 1 
observed in different cell types^ 

LFA-l is a member of the integrin family of cell-surface 
receptors^'^ The tripeptide motif Arg-Gly-Asp is a common 
feature of the ligands for this family and is required for ligand- 
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receptor interaction'. But lCAM-1 contains no RgD «no» 
Sng instead a single RGE sequence at position 152 A search 
of the National Biomedical Research Foundation (NBRF) 
database revealed no significant similarities to other proteins. 
I Comparison with a laboratory database containing recently pub- 
' S surface proteins, however, did reveal a surprising and 
tnificant similarity between ICAM-1 and the neural eel 
adhSn macule NCAM-1 (refs 10. 11; Fig. 4b) Jlie optimal 
afijnment score obtained using the NBRF ALIGN program ^ 
eight standard deviations above the mean score obtained rom 
5(K) random permutations of the sequences. The probabih y of 
the spontaneous occurrence of an equal or higher score is ~ 10 . 
Using rdatabase of known immunoglobulin-related sequences 
k has been shown that ICAM-1 may be divided into five doniains 
28 112,115-206.217-310,312-391, and 399-477) each of 
which shows significant similarity with other members of the 
immunoglobulin superfamily" (A. F. ^^'if-' P"-"^' ^"-^^ 
munication). For example, domain 1 is similar to CD3, whereas 
domains IV and V are similar to domains <>^,r:^l':ZT^^ 
glycoprotein" and carcinoembryonic antigen". A^' fi^^^^omams 
of NCAM align with the domains in ICAM-l (Fig. 46), and 
the principal contribution to the similarity comes from dornmns 
II and III of ICAM-1. Finally, the T-cell-specfic adhesion 
molecule CD2 shows roughly the same similanty to NCAM a 
does ICAM, but ICAM and CD2 are only weakly related (not 
shown). Thus, some precursor of NCAM is ancestral to both 

'^mstmnSy of ICAM and NCAM is particulariy interesting 
as it brings together lymphoid arid neuronal adhesion mol^cu «. 
Id addition, it is surprising that ICAM is immunoglobulin^ 
related, as its receptor LFA-l is not. The LFA-l/ CAM-l pairing 
demonstrates the interaction of two distinct molecularfamilies. 
the immunoglobulin family and the integrin family. The avail- 
ability of a functional ICAM-1 cDNA will allow a better assess- 
ment of the importance of lCAM-l/LFA-l-med,ated adhesion 
-% in antigen-specific leukocyte function, including T-cell mediated 
' killing; T-helper responses and antibody-dependent cell-medi- 
ated killing. . ... , 
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T lymphocytes recognize foreign molecules using the T-cell recep- 
iXcRU disulphide-linked he.erodimer clo«ly "-"ated -th 
the CD3 polypeptide complex on the cell surface. The TCR 
iTeterodimers'Lm largely responsible for the g-*- 
ties of both helper (T„) and cytotoxic (Jc) T cells . Re"""^ » 
second CD3-associated T-cell receptor heterod.mer, r«, •«« been 
STscribed*-'. Cells bearing the yS receptor appear before those 
Ering during thymic ontogeny*' and persist as a minor 
S^lp^nent (1-10%) of mature peripheral T cells. The-r «^«»ct.oo 
is unknown. As there are a limited number »^'"-';r»V " 
eene segments", the size and potential diversity of the reper 
foTrell^mportam for the number of different antigens that may 
li re^ogniL by yS heterodimers. The 5-chaln locus is located 
75 Sobases (kb) 5' to the TCR C, coding region" '^ raising the 
Ni hility that {he a and S V-reglon repertoires ™»y o;e;>»P^ 
A^, analysis of rearrangements at the «-chain locus in developing 
Siymocytc; shows distinct fetal and adult Pf '"1?. V 

that there may be differences between the fetal and adult V, 
repertoires. To address these questions, we ^^^l^^^"" 
lanse number of S-containing complementary DNA clones from 
adult double-negative thymocytes {CD4-8-), an immature popula- 

«on that is enriched for r«-bearing cells' We 6-^'"*-^ LZ^l 

„umberofV«sequencesareused,showinglittle^^^^^^^^^ 

adult V„s^nd differing significantly from fetal V^s. But as two 

D elements may participate Simultaneously in V, gene ^^^<^^^y^ 

and random nucleotides may be added at any one of three J-nctional 

points, the potential number of different 6 chains that can be made 

in the adult thymus is very large (-10 ). 

Complementary DNA libraries 
from adult double-negative (CD4-8 ) thymocytes (I)N thy 
mocvtes) Of the 129 6-cDNA clones, 53 contained the firs 
tiiocytesj. ui inc sequenced. Ten contain all 

"ofa V% gio (fIS ZZl are divided into leader 
(I)' ^ari^bll V)! divefsity (D). and joining (J) regions by 
comoanson w th he published V„ V„, D«„ J„ and Ja2 
eene segmenrs Eight of the ten cDNA clones represent poten- 
Sy fuSnal messages, with the V. D and ^elements j^^^^^^^^^ 
n -frame. This may reflect the fact that a significant fraction of 
adult double negative cells express yS receptors on their surface 

^%oJr of the V sequences are identical (Z44, Z72 Z35 and 
Z14), indicating that this V. gene segment is expressed preferen- 
tially in aduh double-negative thymocytes. sequences of DN4 
(ref 1 1) and ZIO are also identical. The V, nucleotide sequence 
of Z53 is similar (96%) to the Z49 sequence and the previously 
published V, sequence pA 12 (94%)"; the differences may reflect 
strain polymorphism (Fig. 1 b legend). The V, sequence of clone 
Z80 is identicar.o that of Z49 except for a large central de et.on 
which spans 134 nucleotides and results in a "ans auonal frame 
shift. Perhaps the Messenger RNA corresponding to ZSJ arose 
from a transcript spliced using signal sequences w'thm the 
V region The V region of Z68. which was found only once in 
these uEraries. is virtually identical (99%) to the previously 
published V, TAl (ref. 13). Z78 (Fig. la) contains a VDJ 
jSon which involves both the D„ and D,, gene segments. 



